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Many ecological and evolutionary processes have been described underlying
natural selection but supporting evidence in wild settings is often lacking and our
understanding remains incomplete. Using a multi-scale approach, I investigated
expression of facultative den behavior (denning) among and within ursid species. Among
species, lack of denning behavior was supported by relaxation of selection pressures of
seasonal food availability due to realization of two sources of ecological opportunity;
colonization of new habitat and adaptation of key innovations. Of denning species, I
found evidence of adaptive ecological plasticity in den chronology among and within
populations consistent with relaxed selective pressures influencing seasonal food
availability and energetic budgets. I supported these finding using indices of fitness and
established ecological theory. Further knowledge of organismal response to selection
pressures has practical applications in predicting responses to novel and fluctuating
pressures and aids in our understanding of the complexities of ecology and evolution.
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CHAPTER I
EXPRESSION OF FACULTATIVE DEN BEHAVIOR SUPPORTS ECOLOGICAL
OPPORTUNITY IN URSIDS

Introduction
Ecological opportunities represent the wealth of resources made available through
relaxation of selection on ecologically important traits (Simpson 1953, Schluter 2000).
Relaxation of selection promoting realization of ecological opportunities are facilitated
through colonization of new habitats or environments, acquisition of one or more key
innovations making previously inaccessible resources available, and extinction of
antagonist species (e.g., competitors, predators) (Simpson 1949). This leads to ecological
release characterized by increased trait variation, density compensation, and broader
habitat or resource use leading to morphological diversification and rapid speciation; both
prerequisites for adaptive radiation (Yoder et al. 2010). Because investigations of
ecological opportunity require time for speciation events to occur, tests outside of
microbial experiments (reviewed in Kassen 2009) involve retrospective comparisons
among phylogenetic groups (e.g., Farrell 1998, Sargent 2004).
Hibernation is a physiological and behavioral adaptation to seasonal energy
shortages which is advantageous when the net energetic cost of hibernating is less than
the net energetic cost of remaining active during the same period (Humphries et al. 2003).
In mammals, weight loss during hibernation is proportional to its duration and directly
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influences body condition, a common index of fitness (Watts 1990, Buck and Barnes
2000, Armitage et al. 2003, Sacks 2005, Rode et al. 2006, Tollefson et al. 2010). Denning
by extant ursids differs from typical hibernation and is characterized by a lesser reduction
in metabolism and body temperature (Linnell 2001, Tøien et al. 2011). Within ursids,
maternal denning is considered obligatory due to production of altricial offspring,
whereas facultative denning by non-parous bears is considered a response to seasonal
weather and reduced food availability (Johnson and Pelton 1980, Linnell et al. 2001,
Haroldson et al. 2002). Though maternal denning is ubiquitous in extant ursids (polar
bear [Ursus maritimus; Blix and Lentfer 1979], brown bear [U. arctos; Schwartz et al.
2003], Asiatic black bear [U. thibetanus; Seryodkin et al. 2003], giant panda [Ailuropoda
melanoleuca; Garshelis 2004 ], American black bear [U. americanus; Pelton 2003], sloth
bear [U. ursinus; Joshi et al. 1999], sun bear [U. malaynaus; Nomura et al. 2004], and
Andean bear [Tremarctos ornatus; García-Rangel 2012]), facultative denning (hereafter
denning) has only been reported for brown bear, American black bear, and Asiatic black
bear. Variation in den chronology of these species annually and among populations
appears related to seasonal food shortages associated with seasonal weather (Schooley et
al. 1994, Baldwin and Bender 2010, Fowler et al. 2014).
The origin of denning in ursid lineages is unknown. Earliest fossil evidence (~ 20
Ma) suggests Daphoenodon superbus (family: Amphicyonidae), an extinct bear-dog
ancestor, likely gave birth to altricial young in dens pre-dating the divergence of extant
ursid lineages (Hunt et al. 1983, Yu et al. 2007). The most recent common ancestor of
extant ursids belonged to the genus Ursavus (~ 20–9 Ma; Hunt et al. 2004), which
purportedly exhibited denning and associated metabolism similar to modern brown and
2

American black bears (Nelson et al. 1998). Additionally, the omnivorous diet of Ursavus
spp. and suspected global cooling and seasonality of temperature and precipitation during
its existence (Zachos et al. 2001) may have influenced seasonal food availability offering
energetic advantages of den behavior.
Extant ursids are suspected to be the product of one or more rapid radiation events
(Waits et al. 1999, Yu et al. 2004), suggesting ecological opportunity and ecological
release contributed to this radiation, resulting in the extant familial diversity. I review the
current selection pressures influencing ursid seasonal energetic budgets and denning
indicative of these processes consistent with 2 sources of ecological opportunity;
colonization of new habitats and key innovations.
Colonization of new habitat
Ecological and biogeographical understanding of Ursavus spp. suffers from an
incomplete fossil record (Hunt 2004). It is likely that Ursavus spp. originated in midlatitudes of North America and underwent multiple migrations and/or range expansions
and reductions which included Europe and mid-latitude Asia (Qiu 2003). From these
ancestral distributions, extant distributions indicate lineages of sloth bear, sun bear, and
Andean bear colonized and persisted in more southern latitudes (Spady et al. 2007,
García-Rangel 2012) whereas polar bear lineages colonized northward (Armstrup 2003)
(Figure 1.1). Through colonization of these previously unoccupied environments, ursids
experienced novel selection pressures (i.e., diet, climate) affecting seasonal energetic
budgets potentially influencing expression of facultative denning.
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Seasonal and annual diet
Polar bears are nearly completely carnivorous, with ringed seals (Pulsa hispida),
bearded seals (Erignathus barbatus), and other marine mammals comprising >95% of
their diet (Thieman et al. 2008). Polar bears primarily hunt from frozen sea ice shelves
extending beyond land (Stirling and Derocher 2012). During seasonal ice-free periods,
polar bears undergo extended fasting periods without exhibiting denning behavior
(Stirling and Derocher 1993, Chow et al. 2011). Opportunistic foraging on caribou
(Rangifer tarandus), arctic char (Salvelinus alpinus), ringed seals, and berries has been
observed during ice-free periods but contributions to overall energy budgets is suspected
to be minimal (Dyck and Kebreab 2009).
Temperate zone brown bears, American black bears, and Asiatic black bears are
omnivorous with proportional intake of animal and plant matter associated with annual
and seasonal abundance of these resources (Larivière 2001, Hashimoto et al. 2003,
Bojarska and Selva 2012). In areas with briefer periods of herbaceous forage or increased
opportunities for animal matter, brown and American black bear exhibit greater
proportional intake of animal matter. This relationship is best seen in salmon
(Oncorhynchus spp.) dominated systems where salmon can comprise up to 56% of brown
bear diet and 25% of American black bear diet (Belant et al. 2006), compared with inland
populations whose proportional intake of all vertebrate material may be < 20% and 15%,
respectively (Hobson et al. 2000, Pelton 2003, Mowat and Heard 2006). Limited
information on the annual diet of Asiatic black bears is available. Hashimoto et al. (2003)
found that hard mast from Fagus spp. and Quercus spp. were primary autumn foods for
Asiatic black bears in Japan. In years of poor mast production, prevalence of animal
4

matter, primarily insects, was greater (Takada 1979, Koike 2009). For denning ursids,
greater annual periods of available food are associated with delayed den entrance date
and reduced duration of denning (Fowler et al. 2014). Schooley et al. (1994) reported that
in years following increased hard-mast production den entrance dates of American black
bear were later into fall. In southern range margins with year-round vegetative food
availability non-parous American black bears remained active throughout winter (DoanCrider and Hellgren 1996, Mitchell et al. 2005, Garrison et al. 2007). Similar patterns are
suggested for brown bears where late salmon runs extend the foraging period resulting in
delayed den entrance date and occasionally non-parous brown bears remaining active all
winter (Van Daele 1990).
Giant pandas also inhabit temperate environments and are nearly completely
herbivorous with bamboo species comprising 99% of their annual diet (Dierenfeld et al.
1982, Long et al. 2004). Bamboo spp. do not undergo seasonal senescence and their
height precludes concealment by snow; thus, this food source is available year round. In
addition, giant pandas make seasonal elevational migrations to exploit different bamboo
species and avoid more severe weather at higher elevations (Schaller et al. 1985, Long et
al. 2004). While bamboo is of overall poor nutritional quality, the high density of forage
and year round availability of this food (Liu et al. 2005) suggests giant panda do not
undergo seasonal food shortages.
Sloth bears, sun bears, and Andean bears have the current southernmost
distributions of ursids and occur primarily in tropical habitats. These species are
omnivorous with proportional intake of plant and animal matter varying seasonally. Sloth
bears feed primarily on insects (e.g., termites, beetle larvae) and fruit with insects
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comprising >90% of diet during non-fruiting seasons (Joshi et al. 1997, Akhtar et al.
2002). Insects were the most frequently observed food item in sun bear scats (57%),
followed by plant matter (30%), and vertebrates (11%) (Wong et al. 2002). Proportional
contribution of food items in scats varied seasonally and likely reflected variation in food
availability (Wong et al. 2002). Andean bear scats contained 96–100% plant matter
(Peyton 1980, Troya et al. 2004). Peyton (1980) identified 76 plant species consumed by
Andean bears, many of which have elevational distribution limits and different
maturation and fruiting schedules. Bromeliads are most frequently consumed (Peyton
1980,Troya et al. 2004) and as Andean bears only consume stem and leaf bases of
bromeliads, this food is available year round (Troya et al. 2004, Garcí-Rangel 2012).
Overall, diet of sloth bears, sun bears, and Andean bears suggest that opportunistic prey
switching and consumption of vegetation available year round preclude seasonal food
shortages.
Climate seasonality
Range-wide, seasonal and annual diets of brown bears are associated with
temperature and precipitation (Bojarska and Selva 2012). Similar reviews are lacking for
other ursids, but seasonal variation in diet is suspected to be closely linked to these
climate measures (Joshi et al. 1997, Pelton et al. 2003, Hashimoto et al. 2003, Gleason
and Rode 2009, Rangel-García 2012). To investigate variation in climate experienced
among bear species I compared distributional measurements of temperature seasonality,
precipitation seasonality, and mean temperature of coldest consecutive 3 month period
using the WorldClim database (Hijmans et al. 2005). I extracted individual cell values for
each of these variables at 10 arc-minute resolutions within the present distribution of each
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species using the package ‘raster’ (Hijmans 2014), and created boxplots to compare data
among species using package ‘ggplot2’ (Wickham 2009) in Program R (R Development
Core Team 2013).
I suspected correlation between species latitudinal range and climate variable
range, but Pearson’s product moment correlation coefficients indicated this occurred only
for temperature seasonality (p = 0.03; α = 0.05). Excepting polar bears and giant pandas,
non-denning species occupy areas with less annual temperature seasonality and warmer
winters compared to denning species (Figure 1.2). Though the southernmost ursid species
have narrower latitudinal distributions, they experience greater precipitation seasonality,
a consequence of distinct wet and dry seasons (Joshi 1996, Wong 1997) and extreme
topographic relief in current Andean bear distributions (García-Rangel 2012).
Precipitation seasonality for more northern ursids appears surprisingly low but potentially
due to ineffectiveness of WorldClim data in measuring and interpolating snow (Daly et
al. 2008). Nonetheless, precipitation seasonality when considered with mean temperature
of the coldest annual quarter is indicative of relaxation in severity of winter weather
across distributions of sloth bear, sun bear, and Andean bear.
Key innovations
Distributional variation in traits of morphology (Armstrup 2003, Pelton 2003,
Schwartz et al. 2003), behavior (Elfström et al. 2014, Iles et al. 2013), and life history
(Beston 2011, Rode et al. 2014) are most commonly described in polar bear, brown bear,
and American black bear. This is likely a product of their frequency of study and similar
variation in the other ursids is expected with supporting data emerging (Garshelis 2004,
Nakajima et al. 2012). In other taxa, increased trait variation has been associated with
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varied selection pressures, particularly when variation results in access to new resources
supporting ecological opportunity (Schluter 2000, Yoder et al. 2010). The scant fossil
record of Ursavus spp. and extant bear lineages does not permit evaluation of origins of
key innovations in relation to suspected time periods of speciation for most ursids (Hunt
et al. 2004). Also, trait adaptations may be self-perpetuating in creating more
opportunities, making it difficult to discern adaptation in response to selection from
selection on standing trait variation over evolutionary time (Barrett and Schluter 2007,
Losos 2010). Consequently, I describe diversity of extant ursids related to energy intake
which may influence the expression of denning by reducing selection pressures related to
seasonal food shortage.
Trait adaptations
The generalized craniodental morphology of ursids is weakly associated with
mode of nutrition when compared to other taxa of similar consumer strategy; however,
interspecific adaptations have occurred as expected (Sacco and Van Valkenburgh 2004,
Christiansen 2008). For example, craniodental and other morphological adaptations are
most evident in bears which rely heavily on a single or specific food type. Adaptations of
polar bears enabling access to arctic-marine prey include dense insulated fur comprised
of hollow hairs covering the entire body and comparatively narrow, slender skulls and
bodies (Øritsland 1969, Armstrup 2003). In sloth bears, reduced or absent maxillary
incisors, prehensile lips, and vaulted palate facilitates ingestion of insects supporting a
myrmecophagous diet (Joshi 1996, Sacco and Valkenburgh 2004). Large, cuspidate
molars and pre-molars of giant pandas, combined with the greatest bite-force to body size
ratio among ursids enables mastication of bamboo, enabling increased nutritional
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absorption in the absence of microbial breakdown (Dierenfeld et al. 1982, Sacco and
Valkenburgh 2004). Also, the exaggerated and modified radial sesamoid bone and
controlling muscles unique to giant pandas allows grasping and manipulation of bamboo
shoots and leaves (Endo et al. 1999).
Other adaptations of Asiatic black bears, sloth bears, sun bears, and Andean bears
purportedly related to diet include furless fore and hind paws, enlarged highly-curved
claws, and elongated flexible tongue (sloth bear and sun bear), aiding in access to
arboreal foods and insect colonies (Joshi 1996, García-Rangel 2012, Steinmetz et al.
2013). The lack of more specialized adaptations in brown and American black bear likely
reflect temporal fluctuations in food types and wide dietary breadth deterring
specialization (Sacco and Van Valkenburgh 2004).
Further support for the role of relaxed selection pressures influencing expression
of facultative denning among ursids can be inferred from their life-history characteristics.
Tropical zone ursids are not obligate seasonal breeders, suspected to be in response to
longer periods of high food availability in more southern latitudes (Spady et al. 2007).
However, obligatory or facultative breeding seasonality of ursids in more northern
latitudes aligns parturition with an already energetically advantageous period of
decreased activity due to seasonal food shortages (Spady et al. 2007).
Energetics of denning
Thermal conservation and metabolic rate are products of allometric ratios (Kleiber
1932, Kleiber 1947). For endothermic organisms, reductions in allometric ratios are
associated with greater thermal conservation and decreased mass specific metabolic rates
and are suspected to be an adaptation to colder climates (Watt et al. 2010, Clauss et al.
9

2013). Conversely, increased allometric ratios facilitate energy loss through heat, an
advantage in warmer climates (Watt et al. 2010, Clauss et al. 2013). As extant ursids are
distributed in arctic, temperate, and tropical environments, allometric ratios may be
indicative of energetic requirements influencing expression of facultative denning as well
as adaptations to minimize energy loss during denning.
To evaluate effects of allometry on energetic conservation I first examined how
ursids varied in their active and denning maintenance costs using their mass specific
metabolic rates (MSMR; equal to basal metabolic rate [BMR] divided by animal mass).
This required adaptation of the active carnivore BMR equation (y = 61.99x0.77, where y is
kcal/day, numeric value 61.99 is the mass-independent normalization constant, x is
animal mass in kg, and exponent 0.77 is the power of body mass; adapted by Robbins et
al. [2012] from McNab [2008]) and the least observed metabolic rate of denning polar
bear, brown bear, and American black bear (y = 4.8x1.09, terms match preceding equation;
Robbins et al. [2012]). As BMR equations are exponential, when power of mass
approaches or exceeds 1, MSMR of allometric groups converge at the value of the massindependent normalization constant and diverge thereafter in contrast to when power of
mass is <1 and those generally accepted by the metabolic theory of ecology (Brown et al.
2004). Therefore, to maintain relationships among species of differing size, I reduced the
power of mass in each equation by 0.10 (adapted active carnivore MSMR equation, y =
(61.99x0.67)/x, adapted denning ursid MSMR equation, y = (4.8x0.99)/x; where y is
kcal/kg/day); with the effect of this reduction considered inconsequential beyond
maintaining allometric relationships (see Huesner 1991, White and Seymour 2003). I
calculated active and denning MSMR using rounded mean body mass values for adult
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males of each species (polar bear = 490 kg [Armstrup 2003], brown bear = 250 kg
[Schwartz et al. 2003], American black bear = 100 kg [Pelton 2003], Asiatic black bear =
90 kg [Hazumi 1998], giant panda = 105 kg [Reid and Gong 1998], sloth bear = 115 kg
[Garshelis et al. 1998], sun bear = 60 kg [Servheen 1998], Andean bear = 120 kg [GarcíaRangel 2012]). To standardize across species and make hypothetical comparisons, I
multiplied these values for each species by the average duration of denning by nonparous American black bears across their distribution (137 days [Fowler et al. 2014]). I
then used simple linear regression to assess the relationship between median latitudinal
distribution of ursid spp. and active and denning energetic requirements.
Across species, greater median latitudinal distribution predicted decreased
energetic requirements of active and denning states proportionate to body size (Figure
1.3). Adaptation of larger body size of bears inhabiting northern latitudes offers energetic
advantages in denning and active states. Decreased body size and physical condition is
correlated with increased den duration in brown and American black bear (Fowler et al.
2014), and males and females of both species in poorer condition have reduced survival
and reproductive output (Noyce and Garshelis 1994, Belant et al. 2006, Costello et al.
2009, Robbins et al. 2012). This suggests adaptations to larger body size may increase
overall fitness of species expressing denning by minimizing energetic loss. Also, for nondenning ursids, decreased body mass reduces the need for a high-protein diet to maintain
body mass (Robbins et al. 2012), promoting the observed insectivorous and herbivorous
diets of these species. Decreased body mass also is advantageous in thermoregulation in
warmer climates (Watt et al. 2010). Furthermore, greater body size increases fasting
endurance in mammals (Lindstedt and Boyce 1985), supporting the prolonged fasting
11

experienced by polar bear, brown bear, American black bear, and Asiatic black bear
during the fasting (Armstrup 2003) or denning period (Haroldson et al. 2002, Seryodkin
et al. 2003, Baldwin and Bender 2010).
Conclusion
Due to a suspected omnivorous diet and production of altricial young, the most
recent common ancestor of extant ursids likely exhibited maternal and facultative
denning (Hunt et al. 1983, Zachos et al. 2001, Yu et al. 2007). As extant bear lineages
radiated from ancestral bear lineages to their current distributions, species colonizing
southern latitudes experienced a relaxation in pressures limiting seasonal food availability
under an omnivorous diet while colonization of more northern latitudes intensified these
pressures. Either during or post geographical radiation, species-specific adaptations
related to food acquisition emerged. For sloth bear, sun bear, and Andean bear,
adaptations facilitating energy acquisition through consumption of insects and fruit
further relaxed selection pressures of seasonal food shortage in tropical latitudes.
Experiencing similar climactic and latitudinal distribution of denning ursids, the giant
panda adapted a unique diet along with cranial and post-cranial traits allowing for yearround consumption of bamboo, thus eliminating seasonal food shortages. Facultative
denning in brown and American black bear has been suggested to be influenced by upper
and lower thresholds of physical condition and energetic reserves in addition to food
availability (Jonkel and Cowan 1971, Schwartz et al. 1987, Fowler et al. 2014). For polar
bears, seasonal food shortages associated with ice-free periods suggest facultative
denning may be energetically advantageous but this behavior is not expressed. The highly
nutritional, protein diet of polar bears (Armstrup et al. 2003) may allow maintenance of
12

physical condition beyond the lower threshold promoting den behavior. Additionally,
documentation of intraspecific killing and cannibalism among polar bears has become
more common (Stirling and Ross 2011); denning may represent a period of increased
susceptibility to predation by conspecifics promoting non-denning by non-parous polar
bears.
I suggest the variation in expression of facultative denning among ursids is due to
exploitations of ecological opportunities. Through colonization of new habitats some
ursids experienced relaxed selection pressures influencing seasonal energetic budgets
associated with omnivorous diets. Non-denning ursids not experiencing these relaxed
selection pressures adapted key innovations and diets facilitating year-round food
availability. Knowledge of ecological and evolutionary processes underlying adaptive
radiation is vital to our understanding of species diversity. Additionally, identification of
selection pressures influencing this diversity may have practical applications of
predicting ecological responses to novel selection pressures (e.g., climate change).
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Figure 1.1

14

Generalized global distributions of bear species. Continental boundaries and distribution of Andean bear and giant
panda smoothed for visualization (data from IUCN red list).

Figure 1.2

Global comparison of annual mean temperature seasonality, precipitation
seasonality, and temperature of annual quarter (left panels). Statistical
characteristics of these climate indices across distributions of exant ursids
(right panels).

Temperature seasonality calculated as standard deviation of annual mean temperature
multiplied by 100; precipitation seasonality calculated as the coefficient of variation of
annual mean precipitation; mean temperature of coldest quarter calculated as the mean
temperature of the coldest consecutive 3 month period. All data are interpolated from
average values during 1950–2000, accessed through the WorldClim database (Hijmans et
al. 2005).
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Figure 1.3

Relationship between active and denning minimum energetic requirements
of ursid spp. over mean duration of denning of non-parous American black
bears (137 days; Fowler et al. 2014).

Active mass specific metabolic rates (MSMR) calculated by dividing basal metabolic rate
of carnivores by mean mass of each species (y = [61.99x0.67]/x, y equals kcal/kg/day and
x equals animal mass in kg) adapted from Robbins et al. (2012) and McNab (2008).
Denning MSMR calculated by dividing the least observed denning metabolic rate for
black bears, brown bears, and polar bears divided by mean mass of each species (y =
[4.8x0.99] /x, variable terms match preceding equation) adapted from Robbins et al.
(2012). Mean species mass derived from Armstrup (2003) for polar bear, Schwartz et al.
(2003) for brown bear, Pelton (2003) for American black bear, Hazumi (1998) for Asiatic
black bear, Reid and Gong (1998) for giant panda, Garshelis et al. (1998) for sloth bear,
Servheen (1988) for sun bear, and García-Rangel (2010) for Andean bear. Solid lines
represent linear fit and dashed lines are upper and lower bounds of 95% confidence
intervals.
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CHAPTER II
RELAXATION OF SELECTIVE PRESSURES AND ECOLOGICAL PLASTICITY IN
URSID DEN BEHAVIOR

Introduction
Species have adapted morphological, behavioral, and physiological traits in
response to selective pressures to maximize fitness. These pressures may be spatially and
temporally dynamic in occurrence and strength and can elicit variable responses in
individual trait expression manifested in population and species level patterns (Clotfelter
et al. 2007, Tinker et al. 2008, McPhee and McPhee 2012). The range of trait expression
in response to variation in selective pressure strengths can be measured as ecological
plasticity (Hutchinson 1957, Van Daele et al. 2012). Ecological plasticity allows
individuals to cope with a greater range of extrinsic or intrinsic conditions potentially
influencing population and species persistence (Stearns 1989, Pigliucci 2005). While
plastic behavioral, morphological, and physiological responses have been documented in
numerous taxa (Miner et al. 2005), mechanisms underlying these patterns are poorly
understood (Aguilar-Kirigin and Naya 2013).
Species inhabiting seasonal environments experience annual fluctuations in
weather and food availability and have adapted traits to survive these conditions
including migration (Hayes 1995), epidermis modifications (Fuglei and Ims 2008), and
periods of inactivity (Warnecke 2012, Bieber 2011). Periods of inactivity are
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characterized by their duration and extent to which body temperature and metabolism are
suppressed; the most extreme being denning and hibernation (hereafter denning) (Melvin
and Andrews 2009). Under the cost-benefit hypothesis of energy conservation (hereafter
cost-benefit hypothesis), denning is advantageous when the net energetic costs of denning
are less than net energetic costs of remaining active during the same period (Humphries
et al. 2003). Extrinsic and intrinsic pressures determining energy budgets can influence
the entrance date, duration, and emergence date (den chronology) of denning (Litzgus et
al. 1999, Humphries et al. 2003, Jönsson et al. 2009). As denning behavior is
characterized by prolonged fasting, associated mass loss can influence body size and
energy available for reproduction, both with fitness-related consequences (Millar and
Hickling 1990, Bachman and Widemo 1999, Kingsolver and Diamond 2011). Variation
in den chronology across years and environmental gradients has been observed in reptiles
(Blouin-Demers et al. 2002), amphibians (Miaud et al. 1999), and mammals (Murie and
Harris 1982, Kawamichi 1996). However, these studies have been limited to single
species or few populations, and have not directly investigated mechanisms suspected to
influence this behavior and associated plasticity (Zervanos 2010).
Throughout their ranges American black bear (Ursus americanus) and brown bear
(U. arctos) exhibit denning behavior characterized by decreased activity and heart rate,
metabolic suppression, fasting, and lack of urination and defecation (Tøien et al. 2011).
Qualitative patterns among bear populations indicate that bears tend to den earlier and for
longer duration in northern than southern range margins (Johnson and Pelton, 1980,
Smith et al. 1994), and that within population variation by sex, age, and reproductive
status occurs (Weaver and Pelton 1994, Linnell et al. 2000, Ciarniello et al. 2005). Across
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their geographic distributions bears experience a wide range of environmental conditions
which influence annual and seasonal food availability (Hellgren and Vaughan 1988,
Mattson et al. 1991, Benson and Chamberlain 2006). Both species are sexually size
dimorphic as adults and energetic expenditures for reproduction and cub rearing are
greater for females (Stirling and Derocher 1990, Pelton 2003, Schwartz 2003).
Variation in environmental pressures influencing food availability among
populations and intra-population variation in energetic demands provides an opportunity
to measure plasticity of den chronology at multiple scales. I hypothesized that responses
would be consistent with the cost-benefit hypothesis and would vary with relative
strength and variability in the selective pressure of food availability. For both species, I
predicted den entrance dates would be later and denning durations shorter in areas where
indexed food availability was greater. I also predicted that within populations, smaller
bears and females with dependent young would enter dens earlier and remain in dens
longer. Finally, I predicted that expressions of plasticity in den chronology would support
energy conservation strategies associated with fitness.
Methods
I searched the peer-reviewed literature using EBSCO Host database: Wildlife and
Ecology Studies Worldwide and Google Scholar for articles reporting brown and black
bear den chronology using keywords, “American black bear or black bear or Ursus
americanus or brown bear or grizzly or Ursus arctos and den or hibernate or winter or
energetics or metabolism”. I also searched the literature cited sections of reviewed studies
for additional publications and datasets.
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I first classified individuals as adults (>4 years old) or subadults, using typical age
of sexual maturity in both species (3–4 years; Blanchard 1987, Rogers 1987). Adult
females were classified as parturient or non-parturient by their reproductive status
entering the den determined by winter den checks (Kolenosky and Strathearn 1987) or
visual observation post den emergence (Judd et al. 1986). From reviewed articles and
associated data, I calculated mean den entrance date, mean duration of denning, and
coefficient of variation (CV) (ratio of sample standard deviation [SD] and mean) of each
by species and age-reproductive groups. When two of three den chronology parameters
were reported, I calculated the unreported parameter from reported parameters. Due to
reported logistical constraints monitoring bears, date of den entrance or emergence was
often reported as the median date between consecutive observations or as a range of
potential days (e.g., Schwartz et al. 1987, Haroldson et al. 2002). In these instances I
equated median dates to mean dates or calculated mean date from the range assuming a
normal distribution (e.g., O’Pezio et al. 1983, Haroldson et al. 2002). When variance
estimates for den chronology parameters were not reported, but date ranges were, I
estimated sample standard deviations by dividing the range of dates by 6 (Hozo et al.
2005). I converted dates to Julian day (JD) and standardized dates to 22-Sep.
I projected study area locations with a geographic information system (GIS;
ArcMap ver. 10.1; Environmental Systems Research Institute, Redlands, California,
USA) using the reported geographic coordinates or described geographic center of the
study area.
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Inter-population plasticity
I first assessed plasticity in den chronology among populations using simple
linear regression against latitude. I pooled age-reproductive groups by species within
respective studies. I considered coefficients of determination >0.70 to have large effect
(Møller and Jennions 2002) and p values <0.05 as significant.
To investigate proximate influences on plasticity of den chronology and
variability among populations I chose explanatory variables which I determined to be
ecologically significant (Table 2.1). To index vegetative food resources, I used the mean
monthly normalized difference vegetation index (NDVI) over the generalized growing
season and bear active period (April–September) (Bojarska and Selva 2012). I projected
spatial NDVI data from the Global Inventory and Monitoring and Modeling studies data
set (1982–2000, excluding 1994 due to inconsistencies in data associated with
transference of satellites; Tucker et al. 2005) into a GIS with a spatial resolution of 24
km2. I then aggregated cells to a reduced resolution of 576 km2 (2 fold greater than
original raster resolution and >150% larger than mean brown bear home range in North
America [Schwartz et al. 2003]) to account for spatial variation within study areas
(Wiegan et al. 2008). I extracted mean and variance values of monthly NDVI from the
centermost cell within study areas and calculated CV values of NDVI for each study area.
I included salmon (Orcorhynchus spp.) presence as a binary covariate as it can represent
up to 85% of bears’ assimilated diet (Hilderbrand et al.1999) and salmon availability may
extend beyond senescence of vegetative forage influencing energetic budgets and den
chronology (Eggers et al. 2013, Van Daele 2012).
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Increased snow depth can decrease food availability for brown bears (Bojarska
and Selva 2012) and other omnivores (e.g., raccoon dog [Nyctereutes procyonoides]
[Melis et al. 2010], wild boar [Sus scrofa] [Melis et al. 2006]). Snow cover also increases
energy expenditures in search time, excavation of food items, and movement between
patches for large mammals (Massé and Cŏté 2012, Matthews 2010, Robinson and Merrill
2012). To index the temporal effect snow cover may have on food availability I obtained
daily values of historical snow depth from the nearest weather station to the described
center of each study reporting >15 years of data. I accessed data for study areas within
the United States and Mexico from the National Climactic Data Center, Daily Historical
Climatological Network (Klein Tank et al. 2002), and for study areas in Canada from
Environment Canada
(http://climate.weather.gc.ca/prods_servs/documentation_index_e.html#dly). I calculated
mean date of first snow depth >10 cm, duration of snow depth >10 cm, and CVs for each.
I conducted linear models using package lme4 (Bates et al. 2012) in Program R
(R Development Core Team 2013) to estimate which factors influenced plasticity of den
chronology and associated variability among populations. Species was also included as a
fixed effect to detect any interspecific differences. To account for small coefficients of
variation I used the log normal variability in den chronology in applicable models (Table
2.1) (Limpert et al. 2001). I ran global models and all combinations therein and used
Akaike Information Criterion adjusted for small sample size (AICc) to determine model
ranks, considering models within 2 ΔAICc of the best supported model to be equally
supported (Burnham and Anderson 2002). I calculated adjusted coefficients of
determination (adj-R2), AICc weights, and 85% unconditional confidence intervals using
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model-averaged weighting techniques with the R package ‘MuMIn’ (Barton 2013). Use
of separate significance level for AICc model averaging relative to other analyses
promoting congruency in model-selection and parameter evaluation (Arnold 2010).
Intra-population plasticity
I conducted meta-analyses (Meta-Win Version 2.1; Rosenberg et al. 2000) to
investigate intra-population variation in den chronology among age-reproductive groups.
I calculated study specific and mean overall effect sizes using Hedges’ d equation
(Hedges et al. 1999) for parturient females, non-parturient females, and subadults
(experimental groups) in relation to males (control group) for mean den entrance date and
duration of denning. I analyzed species separately and combined, then calculated 95%
bootstrap confidence intervals with 1,000 iterations to estimate overall effects of each
group. I considered effects significant relative to the control group if they did not include
0, and significant from other experimental groups if confidence intervals did not overlap
(DiCiccio and Efron 1996).
Fitness related effects
To evaluate effects that observed den chronology may have on energetic
conservation I first examined how age-reproductive groups varied in their denning and
active maintenance costs using their mass specific metabolic rates (MSMR). This
required adaptation of the basal metabolic rate (BMR) equations for active carnivores (y
= 61.99x0.77, where y is kcal/day, numeric value 61.99 is the mass-independent
normalization constant, x is animal mass in kg, and numeric value 0.77 is the power of
mass; adapted by Robbins et al. [2012] from McNab [2008]) and the mean least observed
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BMR of denning polar bear, brown bear, and American black bear (y = 4.8x1.09, terms
match preceding equation; Robbins et al. [2012]). As BMR equations are exponential,
when power of mass approaches and exceeds one, MSMR of allometric groups converge
at the value of the mass-independent normalization constant and diverge thereafter in
contrast to when power of mass is <1 and those generally accepted by the metabolic
theory of ecology (Brown et al. 2004). Therefore, to maintain relationships among
allometric groups, I reduced the power of mass in each equation by 0.10 (adapted active
carnivore MSMR equation, y = (61.99x0.67)/x, adapted denning ursid MSMR equation, y
= (4.8x0.99)/x; where y is kcal/kg/day); with the effect of this reduction considered
inconsequential beyond maintaining allometric relationships (see Huesner 1991, White
and Seymour 2003).I then multiplied these daily values by mean den durations of male
and non-parturient female bears of both species for each study area and multiplied
denning MSMR loses by -1 to express energetic loss while denning. I used rounded mean
body mass values for black bears (males = 100 kg, non-parturient females = 60 kg; Pelton
[2003]) and brown bears (males = 250 kg, non-parturient females = 160 kg; Schwartz et
al. [2003]).
To investigate how energetic costs while denning vary by species, female
reproductive status, and den duration, I used reported mean daily energy expenditures for
parturient and non-parturient females of both species. Mean rates of loss of lean body
mass and fat were 80.6 g/day and 115.9 g/day for females producing two young, and 30.9
g/day and 84.7 g/day for non-parturient female black bears, respectively (Harlow et al.
2002). I also calculated daily losses of lean body mass and fat to be 190 and 260 g/day
for parturient female and 120 and 180 g/day for non-parturient female brown bears by
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subtracting spring from fall mass values and dividing this by mean number of days
between measurements (208) (Hilderbrand et al. 2000). For each species I extrapolated
these daily losses to the respective observed den durations from this study.
Results
Inter-population plasticity
I identified 40 publications or datasets which reported denning chronology and
variance estimates for 28 black bear and 12 brown bear populations in North America
studied between 1971 and 2012 (Figure 2.1). Eleven studies reported at least 1 individual
which remained active throughout winter (black bear, n = 7; brown bear, n = 4).
Latitudinal range of studies was 36.0° (28.8°–64.8°) and 21.3° (65.9–44.6°) for black bear
and brown bear, respectively.
Mean den entrance dates were later and duration of denning greater with
decreasing latitude (Figure 2.2). Mean den entrance date ranges for black and brown
bears were 02-October to 19-January and 15-October to 8-December, respectively. Mean
duration of denning varied more than 4 fold (51–217 days) for black bears and ranged
from 134 to 201 days for brown bears. Variability in den entrance date among
populations was greater in southern latitudes; variability in duration of denning decreased
with decreasing latitude. Removal of two outliers of variability in den entrance date
(Miller 1987, Smith et al. 1994) using a Bonferroni outliers test (Powell et al. 2011) did
not affect significance but reduced explained variation 8%. However, removal of a single
outlier of variability in duration of denning (Waller et al. 2012) resulted in an
insignificant relationship (p = 0.08).
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Mean distance from the geographic center of each study to the nearest weather
station was 43.0 km (SD = 30.69). Twenty-four of 40 populations inhabited areas that
annually received measurable snowfall >10 cm. Across applicable studies mean date of
first snow depth >10 cm was 26-October (SD = 19.21 days), and mean duration of snow
depth >10 cm was 134 days (SD = 46.24 days). For applicable studies mean variability in
mean date of first snow depth >10 cm and mean duration of snow depth >10cm were 0.32
(SD = 0.16) and 22.43 (SD = 7.77), respectively. Mean overall NDVI was 192.16 (SD =
18.16) and mean overall variability in NDVI was 0.23 (SD = 0.06). Ten populations had
access to salmon.
Best supported models predicting den entrance date and duration of denning
among bear populations explained mean variation of 78 and 85%, respectively; best
supported models of variability in these responses explained variation of 33 and 39%,
respectively (Table 2.2). Bears entered dens earlier with earlier mean date of first snow
depth >10 cm, greater mean NDVI value from April–September, and with presence of
salmon. Similarly, increased duration of snow depth >10 cm and presence of salmon
increased duration of denning. Greater variability in den entrance date and duration of
denning corresponded to greater variability in NDVI and salmon presence. Additionally,
increased variability in duration of snow depth >10 cm was associated with decreased
variability in den duration (Table 2.3).
Intra-population plasticity
Except for den entrance date for subadult black bears and species combined, den
chronology for age-reproductive groups differed from adult males. Overall, parturient
females entered dens earlier and stayed in dens longer than non-parturient females,
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followed by subadults and adult males (Figure 2.3). There was insufficient sample size to
calculate mean effect sizes of subadult brown bears.
Fitness related effects
Daily active MSMR decreased proportionate to body mass at 16.05 kcal/kg/day
for non-parturient female and 13.56 kcal/kg/day for male black bears, and 11.61
kcal/kg/day for non-parturient female and 10.02 kcal/kg/day for male brown bears. Mean
daily denning MSMR was 36% of mean daily active MSMR at 4.61, 4.58, 4.56, and 4.54
kcal/kg/day for these groups, respectively. As MSMR equations are exponential with yintercepts equal to zero, proportional energetic requirements among groups diverged as
number of days increased (Figure 2.4). Projected energetic losses of lean body mass and
fat of parturient and non-parturient females in dens demonstrate a similar pattern between
species and groups, with energetic losses of brown bears exceeding those of black bears
and losses of parturient females exceeded those of non-parturient females within species
(Figure 2.5).
Discussion
Bears exhibited ecological plasticity in den chronology among and within
populations in apparent response to varying food availability and energy conservation
consistent with the cost-benefit hypothesis (Humphries et al. 2003). Additionally, I
found support that among and within population plasticity in den chronology reflected
energy conservation strategies promoting greater seasonal and annual body mass and
size, considered fitness-related benefits in bears (Noyce and Garshelis 1994, Robbins et
al. 2012).
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Inter-population plasticity
For both bear species, best supported models of factors influencing plasticity in
den chronology among populations explained greater variation than latitude alone.
Following our predictions, later den entrance date corresponded with increased
vegetation and later onset of accumulated snow; retracted duration of denning
corresponded to reduced duration of accumulated snow. For den entrance date,
standardized parameter estimates of accumulated snow onset were 2 fold greater than for
NDVI despite 16 of 40 populations not typically experiencing accumulations of this
magnitude. These 16 populations also included all observations of bears remaining active
throughout winter excepting 3 populations on Kodiak Island, AK where snow
accumulations are highly variable due to topography and coastal weather (Van Daele et
al. 2012). The strong relationship between snow accumulation and den chronology lends
further support to the effect snow accumulations likely have on food availability of bears
(Linnell et al. 2000). When cumulative effects of decreased food availability and
concealment by snow result in negative energy budgets, bears can minimize energetic
losses by denning (Figure 2.4). Temporal relaxation of these pressures affords bears a
shorter period of negative energetic balances which begins later in fall and ends earlier in
spring. Mass loss while denning is directly related to duration of denning influencing
physical condition seasonally and annually (Belant et al. 2006). In both sexes, greater
physical condition enhances survival, reproductive output, and facilitates fat
accumulation influencing future physical condition (Noyce and Garshelis 1994, Belant et
al. 2006, Costello et al. 2009, Robbins et al. 2012). This suggests retracted den
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chronology in response to relaxed selective pressures minimizes negative energetic
effects associated with denning and reflects fitness maximizing strategies.
I expected retracted duration of denning in response to greater NDVI values as
seen for den entrance date. However, in large scale studies where snow occurs, end of
snow cover date may be more effective than NDVI indexing vegetative food availability
(Christianson et al. 2013). Presence of salmon corresponded to protracted den chronology
and was contrary to our predictions and deductions of other studies (Schoen et al. 1987,
Van Daele et al. 1990). Alternative to our prediction, it has been suggested that upper and
lower thresholds of physical condition and energetic reserves in addition to food
availability influence den chronology (Jonkel and Cowan 1971, Schwartz et al. 1987).
Spawning salmon are among the most nutrient-rich foods available to bears and can
contribute substantially to fall diet and improving body condition (Hilderbrand et al.
1999, Belant et al. 2006). Bears with access to salmon may reach an upper threshold of
physical condition earlier in fall and lower threshold of physical condition later in spring
promoting earlier den entrance and longer duration of denning. I also recognize the
coarse resolution and unbalanced distribution of populations with access to salmon also
experiencing a more prolonged winter may influence this relationship (Hector et al.
2010). Nevertheless, our study is the first to attempt relating salmon availability to den
chronology and I suggest future studies use more refined measures of salmon availability
and compare across populations experiencing similar climate.
As expected, greater variability in food availability corresponded with greater
variability in den chronology and the onset and cessation of negative energy budgets.
Following the alternate hypothesis of thresholds of physical condition influencing den
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chronology, differential availability of salmon within populations may result in greater
variability in population-level den chronology (Ben-David et al. 2004). Contrary to our
predictions, decreased variability in duration of denning also corresponded with increased
variability in snow cover duration. Populations exhibiting greatest variability in duration
of denning occurred at mid to southern latitudes and on Kodiak Island, AK where snow
accumulations are often negligible and spatially and temporally heterogeneous (Johnson
and Pelton 1980, Hellgren and Vaughn 1987, Van Daele et al. 1990). This suggests the
overall effect of variability in snow cover duration on variability in duration of denning is
carried by populations where onset and duration of snow cover is unpredictable but of
minimal energetic effect due to increased food availability indexed by NDVI and salmon
(Kodiak Island, AK).
To our knowledge, no study has compared variability in den or hibernation
chronology among populations or across a latitudinal range of this magnitude. From
Zervanos et al. (2010) I calculated coefficient of variation statistics of date of first torpor
and hibernation length of 3 populations of woodchucks (Marmota monax) spanning 7° of
latitude. Although relationships to latitude were similar to our study, latitude was an
insignificant predictor of variability in both hibernation characteristics, likely a
consequence of few populations and small latitudinal range. Further, few studies have
assessed variability in ecological responses to selective pressures with potential fitness
related outcomes over large geographic extents. Examples include changes in homerange size of roe deer (Capreolus capreolus) (Morellet et al. 2013), variation in body fat
of lizards (Aguilar-Kirgin and Naya 2013), patterns in metabolic flexibility of rodents
(Naya et al. 2012), and thermal tolerances of Drosophila spp. (Overgaard et al. 2011). In
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each of these studies greater variability was observed in response to increasing latitude
and climactic variability within the ecological limits of the species. Evidence of this
relationship is emerging across taxa consistent with the climate variability hypothesis
(reviewed in Anguilar-Kirgin and Naya 2013).
Intra-population plasticity
Variation in den chronology among age-reproductive groups followed the costbenefit hypothesis (Humphries et al. 2003) and varied in accordance with expected
energetic demands associated with allometric ratios and costs of reproduction. The
overall observed trend of earlier den entrance date and longer duration of denning by
parturient females, followed by non-parturient females, sub-adults, and adult males is
well supported for individual populations of both species (Ciarniello et al. 2005, Inman et
al. 2007, Schoen et al. 1987, Weaver and Pelton 1994).
Following the power law (Kleiber 1947), larger bears have lesser MSMR and
exhibit greater thermal conservation proportionate to body size than smaller bears in
denning and active states. Additionally, energetic costs over the denning period are
greater for parturient than non-parturient females (Harlow et al. 2002, Hilderbrand et al.
2000). Spatial displacement of smaller bears and those with cubs of year by larger bears
along with despotism, predation, and infanticide has been observed (Ben-David et al.
2004, Garneau et al. 2008, Libal et al. 2011). During periods of limited food availability
negative energy budgets should occur earlier for subordinate bears experiencing greater
relative energetic demands. Additionally, risk of despotic behavior may further promote
temporal segregation of den chronology by other age-reproductive classes relative to
males (Mattson et al. 1992). These energetic and risk related costs and gains influence
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den entrance and emergence date (Schooley et al. 1994, Schwartz et al. 1987), and for
parturient females these responses influence future energy reserves necessary for survival
of offspring (Harlow et al. 2002, Hilderbrand et al. 2000). Earlier den entrance and longer
duration of denning by parturient females appears to minimize the loss of energetic
reserves necessary for parturition and cub rearing relative to other age-reproductive
groups with lesser energetic demands for whom consequences of a negative energy
budget are less severe (Schooley et al. 1994).
Conclusion
Occurrence and strength of selective pressures can vary spatially and temporally.
While plasticity in trait expression has been measured in numerous taxa, few studies have
demonstrated that mean plastic responses diverge among and within populations as a
result of varied selection pressures (Pigliucci 2005). Plasticity in den chronology of black
and brown bears appears to occur in response to the varying selection pressure of food
availability and associated energetic constraints. Additionally, my demonstrations of the
energetic advantages of this expression follow the cost-benefit hypothesis (Humphries et
al. 2003), which supports a fitness maximizing strategy. Plastic expression and selection
pressures driving these responses may index the capacity of populations and species to
respond to future environmental fluctuations influencing persistence (Nussey et al. 2005).
Thus, understanding species’ ecological responses to varying selection pressures is
central not only to practical applications of predicting these responses, but also to our
understanding of evolutionary and ecological processes.
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Table 2.1

Global models and model term descriptions used in analyses of factors
influencing den chronology and variability in den chronology of American
black bear and brown bear in North America.

Response Variables a

Model Terms

ENTRANCE

~ NDVI + SNOW DEPTH DATE + SPECIES + SALMON

DURATION

~ NDVI + SNOW DEPTH DUR. + SPECIES + SALMON

CV.ENTRANCE

~ CV.NDVI + CV.SNOW DEPTH DATE + SPECIES + SALMON

CV.DURATION

~ CV.NDVI + CV.SNOW DEPTH DUR. + SPECIES + SALMON

Model Terms

SNOW DEPTH DATE

Description
Mean monthly Normalized Difference Vegetation Index for April–
September
Mean date of first snow depth >10 cm.

SNOW DEPTH DUR.

Mean duration of snow depth >10 cm.

CV.NDVI

Coefficient of variation of NDVI

CV.SNOW DEPTH DATE

Coefficient of variation of SNOW DEPTH DATE

CV.SNOW DEPTH DUR.

Coefficient of variation of SNOW DEPTH DUR.

SPECIES

American black bear or brown bear
Binary parameter of presence or absence of salmon as available food
source

NDVI

SALMON
a

Response Variables: ENTRANCE = Mean population den entrance date, DURATION =
Mean population duration of denning, CV.ENTRANCE = Coefficient of variation of
mean population den entrance date, CV. DURATION = Coefficient of variation of mean
population duration of denning.
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Table 2.2

Best supported model (∆AICc ≤ 2) results of factors influencing den
chronology and variability of den chronology of American black bear and
brown bear in North America.

Response Variable a
ENTRANCE

DURATION

CV.ENTRANCE

CV.DURATION

a

Model b

Kc

ΔAICc d

wi e

adj-R2 f

SNOW DEPTH DATE + SALMON

2

0.00

0.22

0.79

SNOW DEPTH DATE + NDVI

2

0.13

0.21

0.78

SNOW DEPTH DATE

1

0.86

0.14

0.76

SNOW DEPTH DATE + NDVI + SPECIES

3

1.22

0.12

0.79

SNOW DEPTH DATE + SALMON + SPECIES

3

1.59

0.10

0.79

SNOW DEPTH DATE + NDVI + SALMON

3

1.69

0.10

0.79

SNOW DEPTH DUR. + SALMON

2

0.00

0.21

0.85

SNOW DEPTH DUR.

2

1.06

0.20

0.83

SNOW DEPTH DUR. + SALMON + SPECIES

3

1.69

0.16

0.86

SALMON

1

0.00

0.32

0.35

CV.SNOW DEPTH DATE

2

1.51

0.15

0.27

CV.SNOW DEPTH DATE + CV.NDVI
CV.SNOW DEPTH DATE + SALMON +
SPECIES
CV.SNOW DEPTH DUR. + SALMON

2

1.71

0.14

0.32

3

1.77

0.13

0.38

2

0.00

0.22

0.42

CV.SNOW DEPTH DUR.

1

0.16

0.21

0.35

CV.SNOW DEPTH DUR. + CV.NDVI

2

0.41

0.18

0.41

CV.SNOW DEPTH DUR. + SPECIES
CV.SNOW DEPTH DUR. + SALMON +
SPECIES

2

0.93

0.14

0.39

3

1.77

0.09

0.44

Response Variable: ENTRANCE = Mean population den entrance date, DURATION =
Mean population duration of denning, CV.ENTRANCE = Coefficient of variation of
mean population den entrance date, CV. DURATION = Coefficient of variation of mean
population duration of denning.
b
Model Terms: SNOW DEPTH DATE = Mean date of first snow depth >10 cm,
SALMON = Presence of salmon as available food source (binary), NDVI = Mean
monthly Normalized Difference Vegetation Index for April–September, SPECIES =
Brown bear (binary), SNOW DEPTH DUR. = Mean duration of snow depth >10 cm,
CV.SNOW DEPTH DATE = Coefficient of variation of SNOW DEPTH DATE,
CV.NDVI = Coefficient of variation of NDVI, CV.SNOW DEPTH DUR. = Coefficient
of variation of SNOW DEPTH DUR..
c
K = no. of parameters in model.
d
ΔAICc = the difference between the AICc value of the best supported model and
successive models.
e
wi = Akaike model weight.
f
adj-R2 = adjusted coefficient of determination
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Table 2.3

Model averaged parameter estimates of factors influencing den chronology
and variability in den chronology for American black bear and brown bear
in North America.

Response Variable
ENTRANCE

DURATION

CV.ENTRANCE

CV.DURATION

a

Parameter
Estimate
-0.54

Model Term
SNOW DEPTH DATE
b

85% Confidence Interval
Lower
-0.77

Upper
-0.32

p value
<0.01

SALMON

-0.25

-0.49

-0.02

0.12

NDVI

0.24

0.12

0.49

0.13

SPECIES

0.19

-0.6

0.43

0.28

SNOW DEPTH DUR.

0.66

0.46

0.86

<0.01

SALMON

0.28

0.07

0.48

0.05

SPECIES

-0.14

-0.35

0.06

0.32

CV.SNOW DEPTH DATE

0.13

-0.15

0.40

0.50

SALMON

0.37

0.10

0.64

0.05

CV.NDVI

0.28

0.01

0.55

0.15

SPECIES

-0.17

-0.43

0.10

0.38

CV. SNOW DEPTH DUR.

-0.55

-0.88

-0.24

0.01

SALMON

0.31

0.01

0.60

0.14

CV.NDVI

0.31

0.01

0.60

0.15

SPECIES

0.25

-0.06

0.56

0.28

a

Response Variable: ENTRANCE = Mean population den entrance date, DURATION =
Mean population duration of denning, CV.ENTRANCE = Coefficient of variation of
mean population den entrance date, CV. DURATION = Coefficient of variation of mean
population den duration.
b
Model Terms: SNOW DEPTH DATE = Mean date of first snow depth >10 cm,
SALMON = Presence of salmon as available food source (binary), NDVI = Mean
monthly Normalized Difference Vegetation Index for April–September, SPECIES =
Brown bear (binary), SNOW DEPTH DUR. = Mean duration of snow depth >10 cm,
CV.SNOW DEPTH DATE = Coefficient of variation of SNOW DEPTH DATE,
CV.NDVI = Coefficient of variation of NDVI, CV.SNOW DEPTH DUR. = Coefficient
of variation of SNOW DEPTH DUR..
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Figure 2.1

Locations of American black bear (circles) and brown bear (squares)
studies reporting den chronology used in analyses.

Open symbols denote areas where bears have remained active all winter: 1–4 (Van Daele
and Barnes 2007, unpublished data), 5-6 (Schwartz et al. 1987), 7 (Miller 1987), 8
(Miller 1990), 10 (Schoen et al. 1987), 11 (Linzey and Meslow 1976), 12-13 (Ciarniello
et al. 2005), 14 (Gaines 2003), 15 (Beecham et al. 1983), 16 (Serveen and Klaver 1983),
17 (Jonkel and Cowan 1971), 18 (Mace and Waller 1980), 19 (LeCount 1983), 20
(Haroldson et al. 2002), 21 (Judd et al. 1986), 22 (McLoughlin et al. 2002), 23 (Inman et
al. 2007), 24 (Baldwin and Bender 2010), 25 (Inman et al. 2007), 26 (Mitchell et al.
2005), 27 (Doan-Crider and Hellgren 1996), 28 (Beringer et al. 2012, unpublished data),
29 (Weaver and Pelton 1994), 30 (Oli et al. 1997), 31 (Waller et al. 2012), 32 (Debryun
1997), 33 (Belant et al. 2012, unpublished data), 34 (Johnson and Pelton 1980), 35
(Garrison et al. 2012), 36 (Kolenosky and Strathearn 1987), 37 (Kasbohm et al. 1996), 38
(Hellgren and Vaughn 1989), 39 (O’pezio et al. 1983), 40 (Schooley et al. 1994).
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Figure 2.2

Mean den chronology and associated variability of American black bear
(circles) and brown bear (squares) against latitude in North America

Entrance date units are in standardized Julian days beginning at 22-Sep. Variability was
calculated using the coefficient of variation. Solid lines linear fit, dashed lines upper and
lower bounds of 95% confidence intervals.
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Figure 2.3

Mean effect size (+ 95% CI) of experimental groups: parturient females
(PF), non-parturient females (NPF), and sub adults (SA) den entrance date
and duration of denning relative to control group, adult males (AM) of
American black bear (squares), brown bear (circles), and species combined
(triangles) in North America. Numbers represent sample sizes.
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Figure 2.4

Relationship between active and denning minimum energetic requirements
over observed duration of dennings for allometric groups of American
black bear (squares) and brown (circles) in North America

Open symbols adult males, Crosshair symbols non-parturient females. Active mass
specific metabolic rates (MSMR) calculated by dividing basal metabolic rate of
carnivores by mean mass of allometric groups (y = 61.99x0.77, y equals kcal/kg/day and
x equals animal mass in kg) adapted by Robbins et al. (2012) from McNab (2008).
Denning MSMR calculated with Robbins et al. (2012) denning metabolic rate for black
bears, brown bears, and polar bears divided by mean mass of allometric groups (y =
[4.8x1.09] /x). Mean allometric group mass derived from Pelton (2003) for American
black bear and Schwartz et al. (2003) for brown bear. Solid lines linear fit of groups
combined, dotted lines upper and lower bounds of 95% confidence intervals.
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Figure 2.5

Example of total energetic expenditures from fat (closed symbols) and
protein (open symbols) content by denning non-parturient (NPF; squares)
and parturient female producing 2 young (PF; diamonds) American black
bears over observed duration of dennings in North America.

Dotted line Total energetic expenditure by NPF, long-dashed line Total energetic
expenditure by PF. Daily energetic loses calculated from Harlow et al. (2002).
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CHAPTER III
SUMMARY AND CONCLUSION

Natural selection is a mechanism for evolution driven by selection pressures.
These pressures are spatially and temporally dynamic and elicit variable responses in
individual trait expression manifested in population and species scale patterns (Clotfelter
et al. 2007, Tinker et al. 2008, McPhee and McPhee 2012). While many ecological and
evolutionary processes, mechanisms, and hypotheses have been presented to explain
these patterns, supporting evidence is often scarce and our understanding remains
incomplete (Yoder et al. 2010, Aguilar-Kirigin and Naya 2013). Our investigations of the
expression of facultative den behavior by ursids adds to the emerging evidence for the
role of ecological opportunities in adaptive radiation and expression of adaptive
ecological plasticity. Additionally, our study is the first to address selection pressures
influencing trait expression at multiple spatial and biological scales of this magnitude.
Among extant ursids, I suggest expression and chronology of facultative den
behavior is due to variability in selection pressures resulting from seasonal food shortages
operating throughout multiple biological scales. Relative to ancestral and extant ursids
exhibiting facultative denning, non-denning ursids experience relaxation in these
pressures through the realization of two conditions of ecological opportunity;
colonization of new habitat and key innovations making previously inaccessible
resources available. Within denning ursids, later mean den entrance date and longer mean
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duration of denning among populations occurred in response to apparent increasing food
availability. Additionally, greater variability in den chronology appeared to be in
response to variability in selection pressures influencing food availability. Within
populations, patterns in den chronology among age-reproductive groups supported
expected allometric energetic demands and energetic expenditures required for
reproduction. Furthermore, at species, population, and age-reproductive group scales I
demonstrated that plasticity in den chronology (including non-expression) in response to
the relaxed selective pressure of food availability is energetically advantageous under the
cost-benefit hypothesis of energy conservation and may reflect a fitness maximization
strategy.
Exemplary demonstrations of ecological and evolutionary responses to selection
pressures aid in our understanding of processes driving trait expression and adaptation
and are indicative of the origination of extinct and extant biological diversity (Schluter
2000). Additionally, understanding the dynamics of these cause and effect relationships
may help predict future responses to fluctuating and novel selection pressures influencing
species persistence (Chevin et al. 2013, Munday et al. 2013).
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